Graphene holds promise as an ultracapacitor due to its high specific surface area and intrinsic capacitance. To exploit both, a maximum surface area must be accessible while the two-dimensional (2D) graphene is deformed to fill volume. Here, we study stable crumpled graphene sheets of different lengths, L, using full atomistic molecular dynamics (MD) and determine a fractal dimension of D ∼ = 2.36 ± 0.12, indicating efficient spatial packing. Introduction of defects inducing a transition from membrane-like to amorphous carbon further enhances packing efficiency. Further, variation of self-adhesion energy indicates a predominant role in randomly folded graphene. We determine that approximately 60% of the specific surface area of graphene is solvent accessible once crumpled and can be tuned with applied compression and crumpling. We analyze the solvent accessible surface area (SASA) and approximate the upper bound of free crumpled graphene capacitance to ≈329 F/g. Once crumpled, the achievable capacitance is highly dependent on the confined volume.
I. INTRODUCTION
Monolayer graphene is a two-dimensional (2D) layer of sp 2 -bonded carbon that has remarkable mechanical and electrical properties, 1, 2 and one of the strongest materials tested in terms of elastic modulus (approaching 1 TPa) and tensile strength (>100 GPa). 1 Such superlative properties facilitate the design of advanced composites with superior mechanical and electrical performance. 3 Although graphene has an exceptional stiffness, monolayer sheets are easily warped out-of-plane, exhibiting ripples, 4, 5 folds, 6 and scrolls observed in experiments 7, 8 and explored by computational simulation. 9, 10 Indeed, one of the salient features of graphene is the sensitivity of electronic properties due to topology, 2, 11 resulting in variations in form and functionality. In biology, for example, folding can transform relatively simple molecules into complex shapes with distinct properties. 12, 13 The exploration of folded or crumpled geometries in synthetic materials is an active area of research, both theoretically and experimentally. [14] [15] [16] [17] [18] [19] Graphene has a propensity for stable folding-the bending energy at folds is compensated by intersheet adhesion (van der Waals interactions). 10, 20 The robust mechanical and electrical properties of graphene combined with such stable folded configurations indicate promise for use in ultracapacitors [21] [22] [23] [24] ( Fig. 1) . Moreover, graphene exhibits an exceptionally high specific surface area (approximately 2675 m 2 /g), and the intrinsic capacitance of pristine graphene was found to be 0.21 F/m 2 , 25 exceeding the capacitance for all carbon-based materials. To maximize the possible energy storage, the surface area of graphene must be readily accessible by a solution of electrolytes. 21 Here, we explore the configurations of pristine crumpled graphene sheets without any chemical defects, additives, or adsorbents.
II. FOLDING AND FRACTAL DIMENSION
Despite the complicated appearance of crumpled configurations, the folding phenomenon is very robust across many different types of materials and sheet geometries. [15] [16] [17] [18] 26 Crumpled spheres derived from thin sheets of dimensions L×L obey a fractal scaling law ρ a L 2 ∼ R D , where ρ a = ρ V h is the areal density, h is the thickness (where h L), ρ V is the material mass density, R is the radius of the crumpled sphere, and 2 < D < 3 is the material-dependent fractal dimension of the crumpled spheres. 27 For sheets without bending rigidity (membranes), the Flory mean-field approximation predicts that the radius of the crumpled balls behaves according to R ∼ √ log(L), such that the folded state of self-avoiding sheets exhibit a universal fractal dimension of D = 2.5. 28 However, for thin sheets with finite-bending rigidity (such as graphene), the work required to crumple the sheet is governed by the bending and stretching energy stored in the folded creases, 29 and previous investigations suggest a universal value of D = 2.3 18 for self-avoiding sheets of fixed thickness. The bending stiffness of monolayer graphene is on the order of 1 to 2 eV (per unit width), 10, 30 and thus finite-bending rigidity is assumed. Thus graphene can be considered a thin elastic self-avoiding sheet, where self-adhesion stabilizes folded configurations.
A recent study on adhesive membranes with finite-bending rigidity has shown that while self-adhering sheets (such as graphene) fold during compression as a result of energy minimization, the process at high confinement is similar to crumpling of macroscopic nonadhesive sheets. 19 While forced crumpling of adhesive membranes was investigated with adhesion generated by a vdW-like attractive interaction, sheets were represented by regular elastic lattices with harmonic terms for stretching, bending, and adhesion. 19 To the extent of our knowledge, the behavior and fractal dimension of crumpled graphene has yet to be defined through accurate full atomistic simulations. Accordingly, we investigate the scaling properties of crumpled graphene balls folded from sheets of different sizes L using a molecular dynamics (MD) approach.
It is noted that the thickness (h) of monoatomic structures such as graphene is difficult to define; 31 however, the areal density (ρ a ) can be calculated based on the atomic mass of the constituent carbons. Folding of graphene is not directly analogous to folding of a sheet of paper (an isotropic material without preference for folding axes). In graphene the direction and location of folding lines is influenced by its hexagonal symmetry, and folds along the armchair and zigzag directions are energetically favorable. 20 Even for isotropic elastic sheets, self-avoidance and nonlinear deformations make the crumpling process complex, involving the formation of sharp vertices, cones, and ridges. 32, 33 The crumpling phenomena can be viewed as a network of ridges 34 -where formation is a mode of condensation of energy into a small subset of the available volume 29 -similar to the spontaneous organization of dislocations into grain boundaries in a strained crystal.
III. METHODS
Square sheets of graphene (with L 0 from 6 to 20 nm) are simulated atomistically using the adaptive interatomic reactive empirical bond-order (AIREBO) potential for carbon-carbon interactions. 35, 36 The AIREBO potential has been shown to provide an accurate account of the chemical and mechanical behavior of hydrocarbons, including graphene. 37, 38 Stochastic crumpling the sheets is accomplished by confining the graphene sheets to a spherical domain with a confining spring force (Fig. 2) . A time increment is chosen on the order of femtoseconds (0.5 × 10 −15 seconds). All MD simulations are subject to a microcanonical (NVT) ensemble, carried out at a low temperature (100 K) to minimize thermal fluctuations. Simulations for L 0 = 8 nm, 10 nm, 12 nm, 14 nm, and 16 nm were repeated at 300 K to ensure stability at physically relevant temperatures with negligible changes in results. Moreover, recent analysis of the thermal stability of self-adhered membranes indicate that the high stiffness and strong attraction of graphene result in an unbinding temperature of several thousand kelvin, suggesting that folded, scrolled, or crumpled graphene could not be unfold by heating. 19 Temperature control was achieved using a Berendsen thermostat. 39 The MD simulations were performed modeling code LAMMPS 40 (http://lammps.sandia.gov/).
Stochastic crumpling the sheets is accomplished by confining the graphene sheets to a spherical domain with a confining spring force F (r) = K (r − R (t)) 2 for r > R (t), where K is a defined spring constant (0.8 N/m), r is the radial distance of each atoms from the defined center of the spherical domain, and R(t) is the radius of the domain, which is decreased at a constant velocity of 50 m/s. The interaction between the force and graphene is both fricitionless and nonadhesive.
To quantify the available area of crumpled graphene, and the effect of further compression/relaxation on accessible area, the solvent accessible surface area (SASA) is determined assuming water as the electrolyte solution. The SASA 41 of a molecule is the cumulative surface area of the individual atoms that is accessible to a solvent molecule. The atoms and solvent molecule are modeled as spheres using their van der Waals radii, and the SASA is the calculated determination of the percentage of surface exposed to the solvent. 42 For the current study an adapted SASA algorithm is implemented by vmdICE. 43 A radius of 1.4Å (effective radius of H 2 O molecules) is used to represent the electrolyte solution.
For the crumpling phenomena considered here, any potential boundary effects (termination of edge shape) would decrease with the size of the sheet, as the order of folding The length scale of the graphene sheets is chosen as stable self-folding of monolayer graphene, due to the persistence length, occurs on the order of 10 to 20 nm, 10 with a self-fold forming "creases" where the graphene curves about itself. Due to the finite stiffness and selfadhesion, the diameters of these folds are consistently on the order of approximately 0.5 to 0.7 nm, consistent with previous findings of scrolled and racketlike monolayer graphene. 9, 10, 19 During the crumpling process, arbitrarily large sheets would simply fold and crumple until the folds occur at this scale. This is one advantage of introducing a scale-fee fractal dimension; the resulting crumpled structures are governed by local folding phenomena, so larger models still hold beyond the critical length scale in which stable folding occurs.
events in the bulk-not the edge effects-dominate deformation. Indeed, the edges of the graphene sheets are not terminated with hydrogen atoms. While hydrogen atoms or other termination groups influence the chemical reactivity, 44 test simulations confirmed that termination does not affect the folding and crumpling phenomena. Moreover, the edge shapes of graphene can be armchair, zigzag, or chiral, 45 which defines the electronic properties of graphene at the boundaries. 46, 47 However, as the graphene sheet with a hexagonal lattice is considered an isotropic elastic material, the edge shape does not change much of the bulk mechanical properties, especially in the elastic regime and with large radius of curvature in comparison with lattice constants, 48, 49 as well as for length scales exceeding approximately 10 nm. 50 The length scale of the graphene sheets is also chosen, as stable self-folding of monolayer graphene, due to the persistence length, occurs on the order of 10 to 20 nm. 10 Inspection of the self-folded geometries of graphene sheets of varying initial lengths depict the formation of "creases" or self-folds with the same characteristic size regardless of initial length (Fig. 3) . Due to the finite stiffness and self-adhesion, the diameters of these folds are consistently on the order of approximately 0.5 to 0.7 nm, in agreement with previous findings of scrolled and racketlike monolayer graphene. 9, 10, 19 During the crumpling process, larger sheets would simply fold and crumple until the folds occur at this scale. In other words lengths on the order of 50 nm or greater can be folded multiple times, but once the scale of the folds and creases is below a length scale of approximately 5-6 nm, they will no longer be stable (unfolding would occur). Moreover, at length scales below 6 nm, the aspect ratio (length, L 0 , to commonly presumed effective vdW thickness of graphene, h = 0.34 nm) of graphene would deviate from a thin-sheet assumption (where L/h ≈ 20). The limiting folding dynamics of larger sized sheets would reduce to such scales, and larger model systems are unnecessary. This is one advantage of introducing a scale-fee fractal dimension; the resulting crumpled structures are governed by local folding phenomena, so larger models still hold beyond the critical length scale in which stable folding occurs (approximately 10 to 20 nm).
IV. CRUMPLING OF PRISTINE AND DEFECTIVE GRAPHENE SHEETS
The fractal dimension D relates the size R of a crumpled sheet at a given confinement to its initial size L, where R ∼ L 2/D and 2 < D < 3. Thus, D can be thought of as the packing efficiency of the sheet. A value of D close to the lower limit D = 2 means a loose packing, whereas a value of D close to the upper limit D = 3 means a perfectly ordered compact structure. Order is hindered by the irregular density of vertices, facets, and ridges, and crumpled sheets have D < 3. Here, the graphene samples are compressed while tracking the system potential energy (PE). An equilibrium radius (r eq ) is defined as the minimum radius in which the gradient of the PE reached zero [ Fig. 4(a) ]. It is noted that this defines a quasiequilibrium state (local minima) and not the absolute minimum energy of the system. However, such a state can be attained with minimal energetic expense.
It has been shown that the characteristic fractal dimension for any thin sheet material is independent of the bending rigidity. 18, 26 The bending stiffness of monolayer graphene is typically calculated assuming beamlike elastic-energy formulations of multilayer graphene. While it is unlikely the crumpled graphene achieves such values presuming beamlike behavior, it has been shown that intersheet shear interactions significantly increase bending stiffness beyond the monolayer value, 51 and thus finite-bending rigidity is maintained. Self-adhesion of graphene facilitates self-folding, effectively decreasing the energy required for crumpling/packing. Strong adhesion allows stable folded structures with minimal energetic requirement. Thus, it is predicted the crumpling behavior of graphene lies somewhere in between an ideal self-avoiding membrane and an ideal sheet with finite rigidity. The combination of variable bending rigidity with self-adhesion results in deviations from the ideal crumpling problem-and an expected increase in fractal dimension. Plotting the logarithm of equilibrium radius (r eq ) versus the logarithm of initial length (L 0 ) yields a linear relation from which the fractal dimension D can be determined [ Fig. 4(b) ]. A linear regression returns a fractal dimension of D = 2.358 ± 0.12 (R 2 value of 0.987). This lies between an ideal self-avoiding membrane (D = 2.5) and an ideal sheet with finite rigidity (D = 2.3), suggesting the self-adhesion plays a role in the crumpling of graphene (effectively decreasing the energy required to selffold/crumple). Note that the quasiequilibrium configurations involve elastic crumpling only, thereby avoiding the effects due to plasticity and applied confining force. 17, 26 In addition the fractal dimension is independent of applied boundary conditions (e.g., confining force, load rate, etc.). Stochastic crumpling is actually quite a robust phenomena. 18 If one considers the simple crumpling of a sheet of paper into a ball, regardless of methodology, the ball at the end will have a characteristic shape. We note that although denser packing can be achieved with higher applied force, the relation to fractal dimension is constant. The introduction of defects (vacancies) is an intriguing case as it does not fundamentally change the chemical makeup of the material (still pure carbon) while affecting the mechanical behavior of the sheets. Recently, electron irradiation was successfully used to create sp 2 -hybridized one-atom-thick flat carbon membranes with a random arrangement, 52 which may open new possibilities for the design and engineering of graphene-based electronic devices. As such, we undertake a systematic investigation of the effect of defect density on the crumpling of graphene. We select the 12 nm × 12 nm graphene sheet to probe the addition of defects, chosen to allow relatively efficient computational times. We introduce random vacancies, ranging from 1% to 15%, and subject the defective sheets to the same crumpling procedure. At high levels of defects, the graphene is more akin to amorphous carbon, attainable in the production of graphene experimentally. 52, 53 The transition from randomly "perforated graphene" (point defects) to a 2D coherent amorphous membrane (2D amorphous carbon) greatly affects the crumpling phenomena. We find that the addition of defects reduces the equilibrium crumpled radius, as the inherent rigidity of the graphene sheet is reduced and the sheet can be manipulated into a tighter packed configuration with less carbon [ Fig. 5(a) ]. As relatively high levels of defects (>10%) are introduced, the graphene sheet can no longer be said to exhibit "membranelike" behavior and essentially acts as a planar collection of amorphous atoms. As such, the process is no longer "crumpling" but merely packing the carbon atoms into a confined spherical volume. The result is that the equilibrium radius approaches that of the theoretical minimum (setting the volume of the initial sheet to an equivalent sphere with equal density, or V = L 
V. SOLVENT ACCESSIBLE SURFACE AREA
The fractal dimension suggests a relatively efficient packing of graphene-a disadvantage for use within ultracapacitors.
Ultracapacitors can implement electrical double-layer (EDL) capacitance as the energy storage mechanism, requiring a relatively high accessible surface area. Current EDL capacitors contain activated carbon with a high specific surface area as the electrode material, and the capacitance comes from the charge accumulated at the electrode/electrolyte interface. A propensity to self-fold decreases the surface area accessible to electrolyte solution.
The SASA is calculated at the determined equilibrium radius (r eq ) for each model. The SASA is then plotted against the initial, ideal surface area of the graphene, where Fig. 6(a) ]. A linear regression is calculated with a fitted ratio of dA SASA /dA 0 = 0.586 (R 2 = 0.984). Thus, at crumpled equilibrium, approximately 58.6% of the accessible surface area is maintained. Taking the specific 22, 54, 55 We note that our intent here is to explore the variation in accessible surface area upon crumpling graphene sheets and not the determination of the electronic properties of such systems per se. As such, we do not infer that the measured capacitance of pristine and planar graphene is constant under changes in topography of induced defects. The variation in electronic properties of deformed or defective graphene requires quantum-level investigations that are beyond the scope of the mechanistic MD implemented here. Experimental and ab initio investigations include the introduction of defects to manipulate charge carrier concentrations, 2,56 the influence of out-of-plane deformation (i.e., curvature) of electronic properties, 11 tunable bandgaps via chemical doping, 57 or the variation in band structure for graphene mono-, bi-, and trilayers, 58 which would naturally appear in a sufficiently crumpled graphene system. However, it has been previously demonstrated that the exploitation of deformed or curved graphene has practical applications in ultracapacitors and serve to increase the attained levels of electrolyte contact. 21 Here, we relate the accessible area (SASA) to capacitance via a simple scaling relation, assuming an ideal constant value of specific capacitance. Moreover, due to the uncertainties in the experimental samples and measurement, as well as the fact our value is obtained by freely crumpled graphene without solvent, a decrease from the values predicted here is expected. As a comparison, untreated pristine carbon nanotubes exhibit experimentally measured capacitance in the range of approximate 50 to 200 F/g. [59] [60] [61] While this capacitance can potentially be increased by chemical functionalization or electrolyte type, it is often to the detriment of cyclability. 62 The plot reflects the calculated specific SASA (m 2 /g) versus radius for all models [ Fig. 6(b) ]. We note that the initial SASA for all models exceeds the specific surface area of graphene (2675 m 2 /g), as the calculation considers the exterior edges of the graphene sheets as accessible area. At equilibrium, we find an average specific SASA of 1590 ± 217.2 m 2 /g. Converting to capacitance results in 329 ± 45.6 F/g. While the crumpling process is stochastic, we also note a near-linear decrease in specific SASA once crumpling is initiated. We also determine the dynamic SASA as a function of radius [ Fig. 6(b) ] to indicate the affect of further compression/relaxation on accessible area. The plot reflects the calculated specific SASA (m 2 /g) versus radius for all models. Through linear regressions we determine the change in specific SASA with respect to a change in radius to be approximately 710 ± 280 m 2 /g per nanometer or 149.1 ± 58.8 F/g per nanometer. Thus, once crumpled, the achievable capacitance is highly dependent on confined volume, with significant decreases with marginal decrease in volume. For example, a graphene sheet with an initial dimension of L 0 = 12 nm will have an ideal capacitance of ≈470 F/g when confined by a sphere of radius 4.5 nm and only ≈221 F/g at a radius of 2.5 nm. Moreover, we find that the addition of defects also reduces the SASA, as the less rigid graphene is more tightly packed [ Fig. 5(b) ]. While the introduction of defects has been shown to marginally affect capacitance through irradiation, the defect density is relatively low. 63 Moreover, amorphous carbon has been shown to have an intrinsic capacitance less than graphene.
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VI. VARIATION IN ADHESION ENERGY
The propensity to self-fold is disadvantageous to the use in ultracapacitors, as adjacent sheets stick to each other preventing electrolyte contact. Moreover, the self-attraction of graphene differentiates the crumpling of graphene from crumpling of paper. As such, a theoretical variation in the adhesion strength is investigated to determine the effect of self-attraction. A set of simulations is performed with varying adhesion strength by scaling the vdW adhesion from 50% to 300% the original value in the AIREBO potential and L 0 = 12 nm is again selected as a model system.
We find that, for variations in vdW adhesion, there is nominal change in the equilibrium radius up to 250% the initial value [r eq ranging from 3.32 to 3.51 nm; Fig. 7(a) ]. We note that substituting any of these values would not affect the calculated fractal dimension of D ≈ 2.36. For 300% vdW adhesion, there is an abrupt change-the graphene undergoes extreme self-folding and, upon compression, fails. Analysis of the accessible surface reveals a more consistent transition, where an increase in the vdW adhesion causes a steady decrease in the accessible area [ Fig. 7(b) ]. Rather than crumple, the graphene is more likely to self-fold and self-adhere, eliminating any surfaces for electrolyte contact. For example, while 50% vdW and 250% vdW can be confined to roughly same equilibrium volume, the former has approximately 1.6 the effective SASA. While self-adhesion can be said to (nominally) increase the fractal dimension and effective packing of crumpled graphene, it is detrimental to the accessible surface area. As such, the nominal attraction provided by vdW interaction is both necessary to induce stable crumpled structures and weak enough to allow accessible surface area.
VII. SUMMARY
In sum, here we investigated the packing efficiency and accessible surface area of crumple monolayer graphene to estimate the achievable capacitance of graphene-based ultracapacitors. By simple crumpling simulations of graphene sheets of various dimensions, we have determined the fractal dimension to be D = 2.36 ± 0.12. This is higher than the theoretical value for an ideal elastic sheet with bending rigidity (D = 2.3), indicating the self-adhesion of monolayer graphene facilitates a denser packing arrangement. The SASA is calculated for crumpled configurations, and relating the crumpled geometry to the specific capacitance, we predict an average, idealized specific capacitance of 329 ± 45.6 F/g for crumpled graphene, highly dependent on the confining volume. Graphene offers a unique platform to explore crumpling due to the existence of defects and self-adhesion properties. In general the addition of defects allows tighter packing of crumpled graphene through a decrease in structural rigidity, but it also decreases the SASA due to more efficient packing. Similarly, an increase in vdW adhesion results in self-adherence and a subsequent decrease in SASA due to a transition to folding dominated deformation. We conclude that, for application in ultracapacitors, pristine graphene with relatively weak vdW adhesion is optimal. The addition of chemical absorbents could affect the inherent capacitance of the graphene, [65] [66] [67] but the focus of the study reported here is to provide a means of comparison, with pristine graphene providing a baseline for such impure systems. As it is presumed the entire surface area of graphene will never by accessible for ultracapacitor applications, the simple crumpling simulations carried out here delineate a range of attainable values and sets a theoretical upper bound for crumple graphene capacitance. Such an approach could potentially be implemented for the behavior of graphene flakes in solution 53, 68 or other ultracapacitor systems such as graphene oxide 55 or graphene/polymer 67 composites.
